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The zebraﬁsh pronephros provides an excellent in vivo system to study the mechanisms of vertebrate
nephron development. When and how renal progenitors in the zebraﬁsh embryo undergo tubulogenesis
to form nephrons is poorly understood, but is known to involve a mesenchymal to epithelial transition
(MET) and the acquisition of polarity. Here, we determined the precise timing of these events in
pronephros tubulogenesis. As the ternary polarity complex is an essential regulator of epithelial cell
polarity across tissues, we performed gene knockdown studies to assess the roles of the related factors
atypical protein kinase C iota and zeta (prkcι, prkcζ). We found that prkcι and prkcζ serve partially
redundant functions to establish pronephros tubule epithelium polarity. Further, the loss of prkcι or the
combined knockdown of prkcι/ζ disrupted proximal tubule morphogenesis and podocyte migration due
to cardiac defects that prevented normal ﬂuid ﬂow to the kidney. Surprisingly, tubule cells in prkcι/ζ
morphants displayed ectopic expression of the transcription factor pax2a and the podocyte-associated
genes wt1a, wt1b, and podxl, suggesting that prkcι/ζ are needed to maintain renal epithelial identity.
Knockdown of genes essential for cardiac contractility and vascular ﬂow to the kidney, such as tnnt2a, or
elimination of pronephros ﬂuid output through knockdown of the intraﬂagellar transport gene ift88, was
not associated with ectopic pronephros gene expression, thus suggesting a unique role for prkcι/ζ in
maintaining tubule epithelial identity separate from the consequence of disruptions to renal ﬂuid ﬂow.
Interestingly, knockdown of pax2a, but not wt1a, was sufﬁcient to rescue ectopic tubule gene expression
in prkcι/ζ morphants. These data suggest a model in which the redundant activities of prkcι and prkcζ are
essential to establish tubule epithelial polarity and also serve to maintain proper epithelial cell type
identity in the tubule by inhibiting pax2a expression. These studies provide a valuable foundation for
further analysis of MET during nephrogenesis, and have implications for understanding the pathways
that affect nephron epithelial cells during kidney disease and regeneration.
& 2014 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-SA
license (http://creativecommons.org/licenses/by-nc-sa/3.0/).
Introduction
Vertebrate kidney development is a complex process that
involves the precisely regulated formation of nephrons—highly
specialized epithelial tubes that are constructed from mesenchy-
mal precursors derived from the intermediate mesoderm (IM)
(Little et al., 2010). Nephrons across species consist of conserved
epithelial cell types arranged in a common pattern of segment
domains, and each segment fulﬁlls particular functions (Dressler,
2006; Reilly et al., 2007; Wingert and Davidson, 2008). In general,
nephrons contain a blood ﬁlter, followed by proximal and distal
tubule segments that perform solute absorption and secretion to
modify the ﬁltrate, followed by collecting ducts that ﬁne-tune salt
and water levels. Nephron epithelial identity and functionality are
vital for kidney health, and disruptions are associated with
conditions like polycystic kidney disease and cancer (Hsu et al.,
2010; Wilson, 2011).
The zebraﬁsh embryonic kidney, termed the pronephros, is a
valuable model for studying the genetic and cellular mechanisms
of nephrogenesis (Gerlach and Wingert, 2013; Cheng and Wingert,
2014). It is composed of two nephrons that have a comparable
segment composition as other vertebrates, including mammals
(Wingert et al., 2007). Further, several recent studies have docu-
mented analogous patterns of gene expression and conserved
gene functions during nephrogenesis events in zebraﬁsh and
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mammals (Wingert and Davidson, 2011; O'Brien et al., 2011; Naylor
et al., 2013; Li et al., 2014). Zebraﬁsh pronephric nephrons have a
common blood ﬁlter comprised of podocytes, tubules organized
into several proximal and distal segments, and ﬁnally have ducts
that join with the cloaca (Wingert et al., 2007). These nephrons
originate from bilateral renal progenitor ﬁelds that emerge by the
tailbud stage (Drummond, et al., 1998; Serluca and Fishman, 2002).
During subsequent somitogenesis, the renal progenitors exhibit
dynamic subdivisions that culminate with the reﬁnement of seg-
ment boundaries and the emergence of discrete epithelial cell types
by 24 hours post fertilization (hpf) (Wingert et al., 2007; Wingert
and Davidson, 2011), ultimately undergoing a mesenchymal to
epithelial transition (MET) to form nephron epithelial tubules. Over
the next day, the nephrons continue to mature based on the
expression of additional solute transporter genes (Wingert, et al.,
2007) and then begin blood ﬁltration around 48 hpf (Drummond,
et al., 1998). During subsequent larval stages, additional nephrons
develop and connect to the existing pronephric kidney to begin
forming a more elaborate renal structure, the mesonephros, which
serves as the adult kidney in zebraﬁsh (Gerlach and Wingert, 2013;
McCampbell andWingert, 2014). While there have been progressive
advances in the molecular understanding of zebraﬁsh nephron
formation, many of the signaling events and processes remain
poorly deﬁned—including the precise timing and mechanisms of
tubulogenesis in the pronephros (Fig. 1A).
Tubulogenesis is the process of forming a lumen, or a tubule
with a hollow center, and is closely intertwined with MET.
Epithelial tubes are essential for the structure and function of
many organs, which has prompted numerous studies to delineate
the mechanisms of tubulogenesis (Datta et al., 2011). Much of
what is currently known about kidney tubule formation has come
from in vitro renal culture models that may not fully recapitulate
in vivo events (Schlüter and Margolis, 2009; Roignot et al., 2013).
For example, recent studies of mouse kidney development have
provided several new insights into the mechanisms of renal
tubulogenesis, including how nephrons attach to a collecting duct
(Kao et al., 2012) and how pretubular aggregates undergo a MET to
form a nephron tubule (Yang et al., 2013).
One conserved phenomenon that occurs during MET and
tubulogenesis is the acquisition of cell polarity (Schlüter and
Margolis, 2012). Polarity is established by complexes of proteins
that segregate the cellular membrane into apical and basolateral
domains (Pieczynski and Margolis, 2011). Several in vitro studies
have shown that changes in protein distribution precede these
domains such that apical components are trafﬁcked to the future
luminal surface—deliveries which make an apical membrane
initiation site (AMIS) (Meder et al., 2005; Schlüter et al., 2009;
Bryant et al., 2010; Galvez-Santisteban et al., 2012). Similar
membrane changes have been noted in vivo during nephrogenesis
in the developing mouse kidney (Yang et al., 2013). Ultimately, the
generation of a polarized epithelium creates functionally distinct
cell surfaces, which allows for proper trafﬁcking and facilitates cell
adhesion. In nephron tubule epithelia, the apical membrane faces
the lumen and is critical for solute exchange during urine forma-
tion. A number of polarity and cell junction complexes prevent the
free ﬂow of molecules between cells and help to establish ionic
gradients. For example, the Naþ/Kþ ATPase protein is localized to
basolateral sides of nephron epithelia and has roles in ion trans-
port and tight junction assembly (Rajasekaran et al., 2001;
Krupinski and Beitel, 2009). The mislocalization of Naþ/Kþ ATPase
has been observed in human renal disease and in zebraﬁsh kidney
mutants that develop edema (Wilson, 2011; Drummond et al.,
1998). Thus, proper nephron function requires that epithelial cell
polarity is both established and stably maintained.
Located at the apical surface of epithelial cells, the ternary polarity
complex consists of atypical protein kinase C (aPKC), Par-3, and Par-6
(Chen and Zhang, 2013). In different in vitro and in vivo settings, the
abrogation of any single ternary polarity protein can disrupt lumen
development and tissue functionality (Chen and Zhang, 2013). In
mammals and zebraﬁsh, two aPKC-related proteins, iota (ι) and zeta
(ζ), are expressed during embryogenesis (Kovac et al., 2007; Patten
et al., 2007). Gene targeting studies revealed an immunological defect
in aPKCζ deﬁcient mice (Leitges et al., 2001), while knockout of aPKCι
was embryonic lethal (Soloff et al., 2004). Cloning of the zebraﬁsh
heart and soul (has) mutation revealed that it encoded an embryonic
lethal recessive allele of the aPKCι gene, which is now known as prkcι
(Horne-Badovinac et al., 2001; Peterson et al., 2001). Although has
disrupts diverse epithelia, and together with the polarity factor nagio
oko (nok)/mpp5a is required for cardiac morphogenesis, pronephros
formationwas normal (Yelon et al., 1999; Peterson et al., 2001; Horne-
Badovinac et al., 2001; Rohr et al., 2006; Serluca, 2008). Subsequent
research deﬁned redundant roles for prkcι and the related aPKCζ gene,
now known as prkcζ, during zebraﬁsh retina development (Cui et al.,
2007). Interestingly, both aPKC isoforms are expressed in the devel-
oping mouse kidney (Kovac et al., 2007), and podocyte-speciﬁc
deletion of these aPKC isoforms revealed they have partially redun-
dant functions in the proper distribution of proteins during cell
maturation (Hirose et al., 2009; Huber et al., 2009; Hartelben et al.,
2013). However, the roles of these aPKC isoforms during mammalian
nephron tubulogenesis in vivo have not yet been deﬁned. Given the
broad conservation of these genes, along with the similarities in
nephron composition and ontogeny across vertebrates, the zebraﬁsh
pronephros provides a relevant developmental setting to further
explore the functions of these factors.
In this study, we delineated the spatiotemporal sequence of
tubulogenesis in the zebraﬁsh pronephros. We determined the
timing of lumen formation and found it to be preceded by the
formation of an AMIS. Through loss of function analysis, we show
that prkcι and prkcζ have partially redundant roles in establishing
polarity when renal progenitors undergo MET. Interestingly, the
pronephros in prkcι/ζ morphants eventually underwent lumen
formation, but this was accompanied with deﬁcient epithelial
functions, such as abrogated renal clearance and proximal tubule
endocytosis. prkcι/ζ morphants had dramatic defects in prone-
phros morphogenesis, with the proximal tubule failing to undergo
normal convolutions and failure of normal podocyte migration—
phenotypes linked to the loss of vascular ﬂow to the pronephros
which originates with cardiac defects. Surprisingly, prkcι/ζ deﬁ-
ciency led to a high incidence of ectopic expression of several renal
factors in the pronephros which was rescued by knockdown of
pax2a, indicating that prkcι/ζ maintain nephron epithelial identity
by regulating pax2a expression. Disruptions in other genes that are
essential for cardiac contractility (tnnt2a), or ﬂuid propulsion in
the nephron (ift88), was not associated with ectopic misexpression
in the pronephros, highlighting the role for prkcι/ζ in tubule epithelial
maintenance distinct from the impact of ﬂuid ﬂow. Incidentally,
knockdown of the polarity gene mpp5a was associated with a low
incidence of ectopic renal gene expression, suggesting possible partial
redundancy with prkcι/ζ. Taken together, these studies further estab-
lish the zebraﬁsh pronephros as a relevant nephrogenesis model and
provide an important foundation for future in vivo tubulogenesis
research.
Materials and methods
Zebraﬁsh maintenance and ethics statement
Zebraﬁsh were maintained in the Center for Zebraﬁsh Research
at the University of Notre Dame Freimann Life Science Center.
All studies were performed with approval of the University of
Notre Dame Institutional Animal Care and Use Committee (IACUC),
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Protocol numbers 13-021 and 16-025, and under the supervision
of our Veterinarian Dr. Mark Suckrow. Wild-type Tübingen strain
and Tg:cdh17-eGFP were raised and staged as described (Westerﬁeld,
1993; Kimmel et al., 1995). Embryos were incubated in E3 medium
(5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4) at 28 1C
(Westerﬁeld, 1993).
Whole mount in situ hybridization (WISH)
WISH was performed as described (Wingert et al., 2007;
Lengerke et al., 2011; Cheng et al., 2014). Antisense riboprobes
were generated to detect transcripts for the following genes with
accession numbers: cdh17 (AF428098), podxl (AI641045), myod1
(AF318503), nephrin (NM_001040687), odf3b (formerly annotated
shippo) (NM_199958), podocin (NM_001018145), smyhc1 (formerly
annotated myosin heavy chain (MHC)) (NM_001020507), pax2a
(NM_131184), slc20a1a (NM_213179) wt1a (NM_131046), and wt1b
(NM_001039634), as described previously (Kramer-Zucker et al.,
2005; Liu et al. 2006; Wingert et al., 2007; O'Brien et al., 2011).
DNA Templates were generated by polymerase chain reaction
(PCR), PCR products puriﬁed (Qiagen PCR puriﬁcation kit) and
riboprobes generated with t3 RNA polymerase to detect the
following gene transcripts with accession numbers as follows:
prkcι (BC047164) IMAGE clone 3819020, forward primer (5'-3')
ATGCCCACGCTGCGGGACAGC and reverse primer (5'-3') AAT-
TAACCCTCACTAAAGGGGCCTGCTCAAAC, and prkcζ (BC163349)
IMAGE clone 9038386, forward primer (5'-3') AATTAACCCTCAC-
TAAAGGGCATGAGATCTCC and reverse primer (5'-3') AATTAACCCT-
CACTAAAGGGCATGAGATCTCC. Antisense RNA probes were
detected by alkaline phosphatase conjugated anti-digoxigenin
and anti-ﬂuorescein antibody (Roche) and NBT/BCIP/INT reagents
(Sigma) (Galloway et al., 2008). Images provided were represen-
tative based on at least 10 animals, though typically 415, from at
least 3 batches of embryos for each WISH data point, which were
found to be consistent in wild-types and prkcι/ζ knockdowns.
Histology
Following WISH to label cdh17 transcripts, zebraﬁsh embryos
were ﬁxed in 4% paraformaldehyde in phosphate buffered saline
(PBS) overnight at 4 1C, dehydrated in increasing concentrations of
ethanol, and embedded into JB-4 plasticizing resin (Polysciences,
Inc.). Five-micrometer thick sections were cut using glass knives
on a Sorvall JB-4 microtome sectioner (Sorvall Inc.). Sections were
counterstained with methylene blue (Sigma-Aldrich) and mounted in
Polymount (Polysciences, Inc.). Images provided were representative
based on at least 10 animals from at least 2 batches of embryos that
were serially sectioned for each wild-type stage described.
Immunoﬂuorescence (IF)
Zebraﬁsh embryos were dechorionated and ﬁxed in 4% paraf-
ormaldehyde in PBS at 4 1C overnight. Adult kidneys were
obtained as described and ﬁxed in 4% paraformaldehyde/0.1%
dimethylsulfoxide in PBS at 4 1C overnight (Gerlach et al., 2011;
McCampbell et al., 2014). Tissue samples were inﬁltrated with 5%
and 30% sucrose solution and then subjected to a 1:1 solution of
30% sucrose and tissue freezing medium (TFM). Inﬁltrated samples
were embedded in 100% TFM and oriented in Tissue-Tek cryo-
molds and frozen at 80 1C. Sections (20 μm) were taken on a
Microm HM 550 Cryostat (Thermo), and rehydrated in PBS.
Rehydrated tissue was blocked for 2 h at room temperature in a
humidity chamber. Blocking buffer was composed of 0.05% Tween-
20 in PBS with 2% DMSO and 3% fetal calf serum. Primary
antibodies were diluted in blocking buffer and applied to the
sections in a humidity chamber at 4 1C overnight. Sections were
then washed 3 in PBS with 0.05% Tween-20. Fluorescent-
conjugated secondary antibodies were applied at 1:500 concen-
tration and incubated at room temperature in humidity chambers
for 2 h in PBS with 0.05% Tween-20. Sections were then washed
3 in PBS with 0.05% Tween-20, mounted in Antifade (Vector
Laboratories) and sealed with nail polish. Primary antibodies used
were: Rabbit anti-aPKC (1:500) (SC-216 Santa Cruz), Sheep anti-
GFP (1:500) (Osenses), monoclonal α6 F Naþ/Kþ ATPase (1:35)
(Developmental Studies Hybridoma Bank), phosphorylated ezrin
(T567) radixin(T564) moesin(T558) (p-ERM) (1:50) (Cell Signaling
Technology), and Rabbit anti-Laminin (1:200) (Sigma-Aldrich).
Secondary antibodies used were: goat anti-rabbit conjugated to
Alexa-Fluor568 (Invitrogen), goat anti-mouse conjugated to Alexa-
Fluor 594, (Invitrogen) and donkey anti-sheep conjugated to
Alexa-Fluor 488 (Invitrogen). 4,6-diamidino-2-phenylindole, dihy-
drochloride (DAPI) (Invitrogen) was used to counter stain cell
nuclei and actin was labeled with Phalloidin-Rhodamine (1:500).
The Naþ/Kþ ATPase and p-ERM antibodies were applied to
embryos ﬁxed in Dent's solution (80% methanol, 20% DMSO)
overnight at 4 1C and processed as described above. Images
provided were representative based on samples from at least 10
individuals, though typically 415 were examined, from at least
3 batches of embryos, and protein localizations and levels were
found to be consistent in wild-types and prkcι/ζ knockdowns.
Morpholinos
Morpholino oligonucleotides (MO) were synthesized (Gene
Tools, LLC) and handled according to the manufacturer instruc-
tions. MOs were resuspended with distilled water to create 4 mM
stocks and stored at -20 1C. MO sequences were selected from
previous reports for prkcι, prkcζ, ift88, tnnt2a, mpp5a, and wt1a;
mismatch MO controls were designed for prkcι and prkcζ (Table S1).
For pax2a knockdown studies, a MO was designed to abrogate
splicing, and two previously published MOs were also used (Table
S1). prkcι/ζ knockdown was further veriﬁed by immunoﬂuorescence
with anti-aPKC. Please refer to Table S1 for all MO sequences, injection
dosages, and references. Triplicates of all knockdown studies (prkci/z,
prkci/zþpax2a, mpp5a, ift88, tnnt2a, ift88þtnnt2a) were analyzed at
72 hpf for expression of one or more renal markers (wt1a, podxl,
pax2a). Each replicate experimental group consisted of at least 75
embryos. For each experiment, the embryo cohorts were subjected to
WISH, phenotypes counted, and an average incidence of embryos of
each phenotype in the grading series (e.g. normal expression (wild-
type (WT)), high, low, neck) was calculated for each replicate. For
statistical analysis of these categories within each genotype, a
standard error was calculated for the triplicates, and then a pair-
wise two-tailed Student t-test was performed to compare this value
to the appropriate wild-type control.
Cell death analysis
Cell death was assessed using the vital dye acridinium chloride
hemi-(zinc chloride) (acridine orange). Morphant and control
embryos were incubated in 0.003% N-phenylthiourea/E3 after
24 hpf, then placed in 5 mg/ml acridine orange/E3 for 45 min at
the desired time point. Embryos were then rinsed in E3 and
imaged in 2% methylcellulose/0.02% tricaine.
Dextran clearance assays
Embryos were injected with 40 kDa dextran–FITC (Invitrogen)
at 2.5 mg/mL at 48 hpf then assessed for PCT uptake and dextran
clearance at subsequent stages (Li et al., 2014).
G.F. Gerlach, R.A. Wingert / Developmental Biology 396 (2014) 183–200 185
Image acquisition
IF images were acquired as z-stacks using a Nikon A1 confocal
microscope. WISH images were acquired using a Nikon eclipse
Ni with a DS-Fi2 camera. Images were processed using Adobe
Photoshop CS5.
Results
Timing of lumen formation by renal progenitors during pronephros
development
Studies of zebraﬁsh pronephros ontogeny have demonstrated
that segment domains are established by the 28 somite stage (ss)
(Wingert et al., 2007; Wingert and Davidson, 2011; Li et al., 2014)
and that the nephrons have tubular lumens comprised of polar-
ized epithelial cells by approximately this point in development
(Fig. 1A, B) (Drummond et al., 1998; Gerlach and Wingert, 2013).
However, the exact timing of tubulogenesis during pronephros
formation has been unknown (Fig. 1A). To identify precisely when
lumen formation occurs and better understand the cellular rear-
rangements that occur as the pronephros develops, we character-
ized renal progenitors over a developmental timecourse with
histology. Renal progenitors were labeled by whole mount in situ
hybridization (WISH) in wild-type embryos of various ages using a
riboprobe to detect cadherin 17 (cdh17) transcripts, which are
expressed throughout the pronephros tubule segments and duct
(Horsﬁeld et al., 2002; Wingert et al., 2007), and then serial cross
sections were analyzed along the renal progenitor ﬁeld at prox-
imal, central, and distal locations (Fig. 1C).
Using this strategy, we observed that renal progenitors under-
went rearrangements and subsequent tubulogenesis during the
time period between the 14 ss and the 26 ss, concomitant with the
developmental events of axial extension and somitogenesis
(Fig. 1D). At the 14 ss, proximal renal progenitors were initially
distributed across a larger lateral domain, while in central and
distal regions they were clustered in a more circumferential
arrangement (Fig. 1D). Throughout all regions at 14 ss though, an
aggregate of approximately eight renal progenitor cells was pre-
sent (Fig. 1D). At the 18 ss and 22 ss, the renal progenitor cells
were arranged into more circumferential aggregates, typically
comprised of six cells by the 22 ss time point (Fig. 1D). The change
from average clusters of eight to six cells is consistent with
rearrangements of the renal progenitor ﬁeld that occur through
convergence-related movements, which have been previously
documented (Fig. 1D) (Wingert et al., 2007; Lam et al., 2009).
Interestingly, the ﬁrst time point when a nephron lumen could be
detected was the 20 ss, when a small but discrete opening was
visualized in proximal, central and distal areas of the renal
progenitor ﬁeld (Fig. 1D). Between the 22 and 26 ss, the lumen
in these areas showed a progressively wider diameter (Fig. 1D).
These data provide the ﬁrst documentation for the onset of
nephron lumen formation at approximately the 20 ss, and suggest
that the mesenchymal renal progenitors transition to become
epithelial in nature in a manner that is largely synchronized along
the length of the renal progenitor ﬁeld.
Changes in protein localization accompany lumen formation in the
pronephros
To gain insights into the molecular processes that accompany
tubulogenesis, we assayed protein localization before, during, and
after lumen formation. We used immunoﬂuorescence (IF) to
identify speciﬁc proteins localized to different domains within
the renal progenitor cells using the transgenic strain Tg(cdh17:
eGFP) that enabled renal cell labeling based on expression of green
ﬂuorescent protein (GFP) (Diep et al., 2011). Using an antibody that
recognizes both Prkcι and Prkcζ, we found that Prkcι/ζ localized to
the apical surface of renal progenitor cells at the 18 ss, prior to
lumen formation (Fig. 2A). Actin also showed apical membrane
localization at 18 ss (Fig. 2A). In contrast, Naþ/Kþ ATPase
surrounded the membrane of most renal progenitor cells at 18 ss
in a punctate pattern, and was not excluded from the apical
surface (Fig. 2A). The apical localization of Prkcι/ζ before lumen
formation implies an AMIS, which has been observed in murine
nephrogenesis and cell culture tubulogenesis models (Meder et al.,
2005; Schlüter et al., 2009; Bryant et al., 2010; Galvez-Santisteban
et al., 2012).
Subsequent time points were examined to identify the timing
of when basolateral membrane identity was established based on
the further segregation of epithelial cell proteins. At the 20–22 ss,
a small lumen was present, consistent with our prior histological
section analysis, and Prkcι/ζ encompassed the apical membrane
domain (Fig. 2B). Furthermore, actin was present in a punctate
pattern at the apical surface, presumably localizing to the sites of
junctional complexes (Fig. 2B). In addition, Naþ/Kþ ATPase was
still present throughout the basolateral membrane, and was now
excluded from the apical region (Fig. 2B). This data indicates that
the demarcation of respective apical versus basolateral domains
occurs by the 20–22 ss, and is coincident with lumen formation.
By the 28–30 ss, actin accumulated and became more band-like,
yet still exhibited punctate expression consistent with cell junc-
tion localization, while Prkcι/ζ and Naþ/Kþ ATPase occupied apical
and basolateral membranes, respectively (Fig. 2C). Of further note,
examination of epithelial polarity in mesonephric tubules in the
adult zebraﬁsh kidney revealed an analogous apical localization of
Prkcι/ζ, and had tight junctions marked by ZO-1 (Fig. 2D; Fig. S1).
Taken together, these data reveal insights into the sequence of
protein distribution changes that occur during zebraﬁsh prone-
phros tubulogenesis, and illustrate that similar polarity features
characterize embryonic and adult zebraﬁsh nephrons.
prkcι and prkcζ have partially redundant roles in establishing
pronephros tubule epithelial polarity
Previous characterization of the zebraﬁsh mutant has, a genetic
defect in prkcι, demonstrated that Prkcι was required for proper
epithelial polarity in several tissues, including the retina, neural
tube, and intestine (Peterson et al., 2001; Horne-Badovinac et al.,
2001). However, epithelial polarity in has pronephros tubules was
intact (Peterson et al., 2001; Horne-Badovinac et al., 2001). Given
the functional redundancy subsequently characterized between
prkcι/ζ in other tissues such as the retina (Cui et al., 2007), we
hypothesized that they may share overlapping roles in the prone-
phros. In support of this, we found that transcripts encoding prkcι
and prkcζ were located in the developing pronephros between 20
and 22 ss and were maintained through 72 hpf, though both
transcripts were ubiquitously expressed throughout embryos at
these stages (Fig. S2). Next, we utilized validated morpholino
oligonucleotides (MO) (Cui et al., 2007; Rohr et al., 2006) to
perform single and double knockdowns of prkcι and prkcζ in order
to investigate their individual and redundant roles in pronephros
development (Table S1). The embryos that received double prkcι/ζ
mismatch control MOs and single prkcζ morphants displayed
mostly normal morphology by 72 hpf, with only a few embryos
displaying mild morphological differences (Fig. 3A). However,
single prkcι morphants showed a range of phenotypes: while
approximately 40% had a severe phenotype with pronounced axial
curvature, cardiac edema, and patchy eye pigmentation, approxi-
mately 50% had a more mild axial curvature associated with
edema (Fig. 3A). By comparison, approximately 90% of double
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prkcι/ζ morphants showed the severe phenotype (Fig. 3A). Impor-
tantly, these observations are consistent with prior ﬁndings
(Cui et al., 2007; Rohr et al., 2006; Serluca, 2008).
After conﬁrming that our knockdown phenotypes were in
keeping with published prkc loss of function models, we used IF
to examine the pronephros in prkc morphants (Fig. 3B). IF staining
Fig. 1. Renal progenitors exhibit a progression of rearrangements during nephrogenesis, and undergo tubulogenesis with lumen formation between the 20 and 22 ss time
points. (A) Although the timing of tubulogenesis during pronephros development has been unresolved, we hypothesized that it transpires sometime during somitogenesis,
as prior studies have demonstrated that nephron patterning is completed by embryonic day 1, and that pronephros function initiates at approximately day 2. (B) The
zebraﬁsh embryonic kidney is comprised of two bilateral nephrons that have a lumen at 24 hpf. (B') Cross section of a zebraﬁsh embryo in which the nephron tubule
epithelial cells were labeled by IF to detect GFP (green) in the transgenic strain Tg(cdh17:eGFP), along with acetylated α-tubulin (light blue), Prkcι/ζ (red), and nuclei marked
with DAPI (dark blue). (B") Digital zoom of a single nephron tubule, white bar indicates 5 um. (A-B”) Schematics and images adapted with author rights (Gerlach and
Wingert, 2013). (C) Renal progenitors were labeled in the developing pronephros between the 14 and 26 ss by performing WISH on wild-type embryos for the renal marker
cdh17 (purple) and a somite marker (red) to conﬁrm embryo stage (the somite marker myod1 was used embryos o18 ss and smyhc1 for embryos 418 ss). Black arrows
indicate approximate region where proximal (P), central (C), or distal (D) cross-sections were analyzed. (D) Serial sections of WISH labeled embryos were collected and
analyzed at proximal, central, and distal regions of the renal progenitor ﬁeld. At 14 ss, renal progenitors were found in clusters of approximately 8 cells. Between 18 and 22
ss, renal progenitors were found in circumferential clusters of 6 cells. At the 20 ss, a small lumen was discernible (white arrowheads), and a clear lumen was subsequently
visible in all regions of the pronephros at 22 ss that enlarged by 26 ss.
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for Naþ/Kþ ATPase revealed normal basolateral distribution in the
single prkc morphant embryos at 36 hpf, but Naþ/Kþ ATPase was
not localized properly in double prkcι/ζ morphants (Fig. 3B). Both
of the single prkcmorphants had normal localization of Prkc at the
apical membrane, yet in noticeably reduced amounts compared to
wild-type controls (Fig. 3B). Since the available Prkc antibody
detects both Prkcι/ζ, our single knockdown data suggests that both
Prkc proteins are present at the apical membrane. In keeping with
this notion, Prkc proteins were not detected in the pronephros of
prkcι/ζ doubly deﬁcient embryos (Fig. 3B). Interestingly, the
phosphorylated form of the cytoskeletal membrane-cortex adap-
ter protein Ezrin, Radixin, and Moesin (p-ERM) was reduced in
single prkc morphants compared to wild-type controls, but still
apically localized (Fig. 3B). In contrast, double prkcι/ζ morphants
lacked p-ERM entirely, suggesting shared roles for Prkcι/ζ in ERM
regulation during nephron formation. Taken together, these ﬁnd-
ings show that Prkcι and Prkcζ have partially redundant roles in
establishing tubule epithelial polarity during nephrogenesis, such
Fig. 2. Changes in protein localization precede lumen formation in the pronephros, and similar polarity features characterize embryonic and adult zebraﬁsh nephron tubules.
Localization of proteins during nephrogenesis in wild-type transgenic Tg(cdh17:eGFP) zebraﬁsh embryos and in the uninjured adult kidney. Tubules not labeled with GFP
(due to incompatibility of particular antibody-ﬁxative combinations) are outlined with white dots. (A) At the 18 ss: Prkcι/ζ and actin localized to the apical membrane
domain prior to the appearance of a lumen, while Naþ/Kþ ATPase surrounded the cell membrane and was not excluded from the apical surface. (B) When a lumen formed at
the 20–22 ss: Prkcι/ζ encompassed the apical membrane domain abutting the lumen, actin was found in a punctate pattern at the apical surface presumably localizing to
junctional complexes, and Naþ/Kþ ATPase still surrounded a majority of the cell membrane but was not present in the region where Prkcι/ζ was localized. (C) At the 28–30
ss: Prkcι/ζ demarcated the apical membrane, actin was more band-like at the apical surface yet still exhibited punctate expression at cell junctions, and Naþ/Kþ ATPase
showed a distinct basolateral membrane localization. (D) In the adult kidney, or mesonephros, Prkcι/ζ was located at the apical surface of tubule cells, and the tight junction
marker ZO-1 showed strong labeling at junctional complexes. (A–C) Scale bars, 5 μm. (D) Scale bar, 20 μm.
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that only deﬁciency of both proteins leads to a disruption in the
membrane localization of apical and basolateral proteins.
prkcι and prkcζ loss of function is associated with subsequent
pronephros morphogenesis defects in both the podocyte population
and the tubule
The pronephros undergoes several morphogenesis events dur-
ing the ﬁrst several days of embryonic development, including the
migration of podocytes to the midline and convolution of the
linear proximal tubule into a tightly coiled anatomical structure,
the latter of which is driven by collective cell migration of nephron
epithelial cells (Drummond et al., 1998; Vasilyev et al., 2009;
Kroeger and Wingert, 2014). These morphogenesis events fail to
transpire in the absence of ﬂuid ﬂow either into the kidney or
within the tubules themselves (Vasilyev et al., 2009). Previous
studies have shown that disruption of normal cardiac develop-
ment prevents the occurrence of embryonic circulation, ultimately
Fig. 3. prkcι and prkcζ are partially redundant during tubule polarity establishment, while prkcι is required for normal glomerulus development. (A) MO injections were
performed with wild-type embryos to generate single prkcι, prkcζ, and double prkcι/ζ knockdowns, and morphants were scored at 72 hpf for gross morphology compared to
embryos injected with control double prkcι/ζ mismatch MOs. (Left) Percentage distributions of three classes of phenotypes, categorized as wild-type, mild, and severe. These
categories were based on curled tail, edema, and patchy eye pigmentation (Right, lateral views of live representative embryos). (B) Confocal imaging of IF analysis during
tubulogenesis in wild-type, prkcι, prkcζ and prkcι/ζ morphant nephrons at the 36 hpf stage. Single morphants showed expression and proper localization of Prkcι/ζ and
p-ERM to the apical surface, whereas Prkcι/ζ and p-ERM were absent in the double prkcι/ζ morphants. Naþ/Kþ ATPase was basolateral in wild-type embryos and single prkc
morphants, but diffuse in the double prkcι/ζ morphants. Scale bars, 5 μm. (C) WISH analysis of podocyte and PCT development in wild-type control embryos and single prkc
morphants using wt1a and slc20a1a, respectively. prkcζ morphants had midline clusters of podocytes, similar to wild-type embryos, while prkcι morphants had scattered
clusters of podocytes that failed to migrate to the midline. PCT coiling morphogenesis was normal in prkcζ morphants and wild-type control embryos, while prkcι morphants
had disrupted PCT coiling morphogenesis. (Left columns, lateral view; right columns, dorsal view.)
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precluding ﬂuid input into the pronephros. For example, nok
embryos that have a mutation in the polarity gene mpp5a have
circulatory failure that originates with defective heart develop-
ment, and normal podocyte migration fails to occur (Rohr et al.,
2006; Serluca, 2008; Ichimura et al., 2012). In silent heart/tnnt2
mutant embryos, which have defective production of the cardiac
troponin T2a protein, collective cell migration is inhibited and this
abrogates proximal tubule coiling (Vasilyev et al., 2009). has
embryos, which have a mutation in prkcι, also have disrupted
cardiac morphogenesis and subsequent circulatory system failure
(Yelon et al., 1999; Peterson et al., 2001; Horne-Badovinac et al.,
2001; Rohr et al., 2006; Serluca, 2008). Thus, we hypothesized that
pronephros morphogenesis may be aberrant in prkcι morphants,
and possibly in prkcζ morphants as well.
To evaluate pronephros morphogenesis in the setting of prkcι or
prkcζ loss of function, we performed single MO knockdowns and
analyzed the morphant kidneys compared to wild-types with
WISH using markers that label podocytes or the proximal tubule.
Podocytes arise as bilateral clusters that migrate toward the
midline and recruit vasculature to establish a single integrated
glomerulus structure by 48 hpf (Drummond et al., 1998;
Majumdar and Drummond, 1999, 2000; Majumdar et al., 2000;
Serluca and Fishman, 2002). The proximal convoluted tubule (PCT)
segment is a linear tube that progressively coils between 48
and 144 hpf (Drummond et al., 1998; Wingert et al., 2007).
Here, we surveyed morphogenesis in these populations at the
72 hpf time point, and found that both wild-type embryos and
prkcζ morphants had consistently similar podocyte arrangements
at the midline along with compact PCT coils, indicating that
podocyte migration and PCT convolution were not disrupted
(Fig. 3C). In contrast, prkcι morphants with severe morphological
phenotypes had disorganized lateral groups of podocytes and the
PCT remained linear (Fig. 3C). prkcι morphants with mild pheno-
types did not display these defects and instead resembled wild-
type embryos (data not shown). These data indicate that the loss
of prkcι leads to a disruption in both podocyte migration and
tubule morphogenesis, while the loss of prkcζ alone does not lead
to phenotypes that impact these renal development processes.
Based on the established cardiac formation defects in hasmutants,
and the prior ﬁnding that circulatory failure in mpp5a mutants
abrogates podocyte migration, the pronephros morphogenesis
defects in prkcι morphants most likely represent a secondary
consequence of cardiac system failure that prevents renal
ﬂuid ﬂow.
prkcι and prkcζ knockdown disrupts apical-basal protein localization
and tubule architecture
Next, to further explore the notion of redundant functions of
Prkcι/ζ during tubulogenesis, we characterized when protein
distribution and epithelial polarity were disrupted in the prone-
phros of double prkcι/ζ morphants. Wild-type embryos were co-
injected with morpholinos to target prkcι/ζ, then analyzed
between the 22 ss and 36 hpf stages using IF (Fig. 4A–C). Antibody
staining for Prkc was performed to conﬁrm complete knockdown.
As observed previously, wild-type tubules at the 22 ss stage had a
small lumen, basolateral Naþ/Kþ ATPase membrane localization,
and apical membrane distributions of both Prkcι/ζ and actin
(Fig. 4A). In contrast, double prkcι/ζ morphants had no apparent
Fig. 4. prkcι/ζ loss of function disrupts apical-basal protein localization and
prevents proper polarity establishment, though delayed tubulogenesis eventually
occurs. Protein localization during pronephros development between the 22 ss
through 36 hpf stages revealed alterations in double prkcι/ζ morphant nephrons
compared to wild-type embryo controls. (A) At the 22 ss, double prkcι/ζ morphants
had disorganized actin and lack Prkc at the apical domain, while Naþ/Kþ ATPase
was diffusely spread over the entire cell membrane in both wild-types and double
morphants. (B) At 28 ss, the Naþ/Kþ ATPase was still diffusely spread over the cell
membrane in the morphants, but in wild-types this protein was restricted to the
basolateral cell surface in a mutually exclusive domain to that of Prkcι/ζ and actin,
which deﬁned the apical domain. Double prkcι/ζ morphants continued to show
disorganized actin and lack Prkcι/ζ at the 28 ss. (C) At 36 hpf, wild-type control and
double prkcι/ζ morphant tubules were surrounded by the ECM component laminin.
prkcι/ζ morphant embryos had unrestricted Naþ/Kþ ATPase and a single lumen
was present, albeit less pronounced than in wild-type controls. (A–C) Scale bars,
5 μm. (D) Summary of pronephros tubulogenesis. Renal progenitors emerge as
groups of mesenchymal cells that undergo rearrangements into circumferential
clusters that display differential distribution of apical membrane components prior
to lumen formation, at which time mutually exclusive domains of apical and
basolateral proteins are established. Deﬁciency of Prkcι/ζ disrupts timely apical
protein localization, delays lumen formation, and discrete apical and basolateral
domains are not created.
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lumen, lacked exclusive basolateral and apical cell membrane
domains based on the broad distribution of Naþ/Kþ ATPase and
actin, and lacked Prkcι/ζ reactivity (Fig. 4A). Furthermore, the actin
staining was diffuse in double prkcι/ζ morphants and lacked
punctate expression at the site of presumable cell-to-cell contacts
compared to controls (Fig. 4A). These ﬁndings reveal that the
timely, organized formation of the AMIS is disrupted in the
absence of Prkcι/ζ activity.
Similar phenotypes persisted between the 28 ss and 36 hpf
stages in double prkcι/ζ morphants compared to wild-type control
embryos (Fig. 4B, Fig. 4C, Fig. S3). In 28 ss wild-types, Naþ/Kþ
ATPase localized to basolateral nephron membranes, while in
prkcι/ζ morphants it was found at the apical surface in a diffuse
punctate pattern (Fig. 4B). In 28 ss wild-type embryos, actin was
apical, band-like and accumulated at junctional complexes
(Fig. 4B, Fig. S3). In contrast, actin distribution was diffuse at the
apical surface in double prkcι/ζ morphant embryos (Fig. 4B).
Interestingly, while the double prkcι/ζ knockdowns failed to form
a tubule lumen at the 28 ss time point, by the 36 hpf stage a lumen
was distinguished in double prkcι/ζ morphant nephrons (Fig. 4C).
Furthermore, although the mutually exclusive domains of the
normally apical actin and the basolateral protein Naþ/Kþ ATPase
(Fig. 4C) were disrupted in prkcι/ζ morphants, the extracellular
matrix (ECM) component laminin was deposited normally around
the tubule periphery at 36 hpf (Fig. 4C). Additionally, double prkcι/
ζ morphant kidneys showed expression of the ciliogenesis marker
odf3b, suggesting that patterning to form multiciliated cells was
intact in the pronephros, and also had luminal IF staining for
acetylated α-tubulin (Fig. S4). These data are consistent with the
notion that double prkcι/ζ morphants may undergo ciliogenesis,
but assessments of cilia number and length at later time points
would be needed to further investigate this phenotypic aspect.
Taken together, these data indicate that prkcι/ζ are essential for the
establishment of proper tubule cell polarity, but that prkcι/ζ loss of
function is also associated with the generation of nephrons that
are surrounded by an ECM and eventually form a lumen (Fig. 4D).
prkcι/ζ knockdown does not disrupt nephron segmentation, but
abrogates proximal tubule morphogenesis and compromises
pronephros functionality
To further investigate epithelial patterning and differentiation
in the context of prkcι/ζ loss of function, we assessed pronephros
segmentation. Nephrons in the zebraﬁsh pronephros, like their
mammalian counterparts, are divided into segments that regulate
the absorption and secretion of speciﬁc solutes (Wingert et al.,
2007). To determine if the elimination of Prkcι/ζ activity affected
epithelial segment patterning, we examined gene expression of
relevant markers at 28 hpf (Wingert et al., 2007). Compared to
wild-type controls, double prkcι/ζ morphants had no change in the
speciﬁcation of podocyte cells (wt1b, nephrin) or the PCT (slc20a1a),
proximal straight tubule (PST) (trpm7), distal early (DE) (slc12a1) or
the distal late (DL) (slc12a3) segments using riboprobe combinations
that label alternating segments (Kroeger et al., 2014) (Fig. 5A, B). At
later developmental time points, the expression domains of numer-
ous segments, such as the PCT (Fig. 5C) and both distal segments (DE,
DL) were also maintained (Fig. S5). These analyses document that
pronephros segment patterning and adoption of epithelial segment
identity are not reliant on Prkcι/ζ function.
Since prkcι knockdown alone caused nephron morphogenesis
defects, namely in the glomerulus and tubule, we further scruti-
nized PCT development in double prkcι/ζ morphants (Fig. 5C, D).
prkcι/ζ morphants aged 28–72 hpf were examined by WISH using
riboprobes for slc20a1a to visualize the PCT. prkcι/ζ knockdown
was not associated with changes in the slc20a1a pronephros
expression domain between 28 and 36 hpf (data not shown).
However, the PCT in double prkcι/ζ morphants remained linear
between the 48 and 72 hpf stages, when wild-types had progres-
sively coiled PCT segments (Fig. 5C). To assess whether the failure
of morphogenesis was also related to changes in cell survival,
prkcι/ζ morphants were examined with acridine orange, which is a
marker of cell death. Wild-type nephrons did not contain acridine
orange positive cells in the PCT, but dying cells were detected in
prkcι/ζ morphant PCT segments (Fig. 5D). This indicates that the
abrogation of PCT morphogenesis in prkcι/ζ deﬁcient embryos is
accompanied by cell death. However, given our analysis of single
prkcι knockdown embryos (Fig. 3C), the lack of tubule morpho-
genesis in double prkcι/ζ morphants is most likely a secondary
consequence from cardiac failure that prevents hemodynamic ﬂow
to the pronephros.
The combination of these overt morphological proximal tubule
defects in double prkcι/ζ morphants, along with the severe edema
Fig. 5. prkcι/ζ knockdown does not disrupt proximodistal segmentation, but does
lead to defects in PCT morphogenesis. WISH was used to assess epithelial
speciﬁcation and segment pattern using antisense riboprobes (purple) in wild-
types (left column) and prkcι/ζ morphants (right column). (A,B) In control and prkc
ι/ζ morphants the proximo-distal speciﬁcation of nephron segments was normal.
(Lateral views, anterior to the left) (A) Podocytes were labeled with nephrin, the
proximal straight tubule (PST) with trpm7, and distal late tubule (DL) with slc12a3.
(B) Podocytes were labeled with wt1b, the proximal convoluted tubule (PCT) with
slc20a1a, and the distal early tubule (DE) with slc12a1. (C) In prkcι/ζ morphants the
PCT failed to undergo proper morphogenesis and instead remained linear, while
the PCT segment in control wild-type embryos at 48 hpf and 72 hpf underwent
progressive coiling morphogenesis. (Dorsal views) (D) Acridine orange labeling
indicates cell death in the PCT segment of the pronephros (white arrows) in prkcι/ζ
morphants, but not wild-types. (Lateral views, anterior to the left.)
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that these embryos develop, suggests that renal-based ﬂuid
excretion is eliminated. To evaluate this in prkcι/ζ morphants, we
microinjected embryos with 40 kilodalton (kDa) dextran–ﬂuores-
cein (FITC) to provide a visual label for ﬂuids. If ﬂuid ﬂow is normal
within an embryo, the dextran–FITC will move from the circula-
tion into the pronephros, where the PCT epithelial cells will uptake
the dextran–FITC through endocytosis (Anzenberger et al., 2006; Li
et al., 2014). Wild-type embryos injected with 40 kDA dextran–
FITC at 48 hpf showed normal PCT uptake between 72 hpf and
96 hpf, with clearly labeled PCT segments (Fig. 6). In contrast,
prkcι/ζ morphants showed a failure to clear labeled dextran from
the body between 48 and 72 hpf, as evidenced by bright green
ﬂuorescence surrounding the heart cavity, in addition to an
absence of PCT labeling (Fig. 6). At the 84 hpf and 96 hpf time
points, prkcι/ζ morphants maintained strong dextran accumulation
in the pericardial cavity, indicating that prkcι/ζ morphants are
unable to excrete appreciable ﬂuids, and displayed no dextran
uptake in the PCT likely due to the deﬁciency of ﬂuid ﬂow into the
pronephros (Fig. 6).
prkcι/ζ knockdown is associated with alterations in podocyte
development and ectopic misexpression of renal transcription factors
and podocyte-speciﬁc genes
Next, we examined prkcι/ζ morphants using WISH to further
evaluate pronephros cell types after the 28 hpf stage of develop-
ment. Interestingly, the majority of prkcι/ζ morphants showed
ectopic expression of the developmental transcription factor pax2a
between the 36 hpf and 72 hpf stages (Fig. 7A, Fig. S6). At 36 hpf,
prkcι/ζ morphants had an expanded domain of pax2a in the
proximal tubule and ectopic pax2a expression in podocytes, while
wild-type controls had restricted pax2a expression in the neck
segment at this stage (Fig. 7A). Additionally, prkcι/ζ morphant
embryos lacked whole mount immunoreactivity for Naþ/Kþ ATPase
in this neck region, while wild-type controls showed continuous
Naþ/Kþ ATPase staining in the tubule (Fig. S7). At 72 hpf, even more
dramatic alterations were observed, such that 90% of double prkcι/
ζ morphant embryos showed high levels of ectopic pax2a transcripts
throughout the entire pronephros tubule (Fig. 7A, Fig. S6). Wild-type
embryos only showed strong pax2a expression in the neck segment,
had low transcript levels in scattered tubule cells along the distal
nephron and never displayed ectopic pronephros expression
(Fig. 7A, Fig. S6). Also at 72 hpf, double prkcι/ζ morphants still had
reduced proximal labeling of Naþ/Kþ ATPase, in contrast to wild-
types where labeling was strong throughout the length of each
nephron (Fig. S7). These surprising observations suggest that prkcι/ζ
deﬁciency leads to some alterations in tubule cell identity even
though many segment region identities are maintained at these
later stages (e.g. the PCT, DE, and DL segments, as shown in Fig. 5C,
Fig. S5).
Based on the observation that prkcι/ζ morphants showed
ectopic pax2a expression in podocytes at 36 hpf, we hypothesized
that prkcι and prkcζ may be essential to maintain other aspects of
epithelial identity in podocytes as well. When podocytes arise,
they express the Wilms tumor suppressor transcription factor
paralogs wt1a/1b and pax2a, then downregulate pax2a and transi-
tion to the expression of mature markers such as nephrin, podocin,
and podocalyxin1-like (podxl) (Drummond et al., 1998; Majumdar
et al., 2000; Serluca and Fishman, 2002; Bollig et al., 2006; O'Brien
et al., 2011; Kroeger and Wingert, 2014). Interplay between pax2a
and wt1a is essential for normal nephron patterning, such that
pax2a is required to inhibit wt1a expression in the neck and
proximal tubule, as demonstrated by the ﬁnding that zebraﬁsh no
isthmus (noi) mutants that have recessive mutations in pax2a have
ectopic wt1a expression in the neck regions of the pronephros
(Majumdar et al., 2000). To explore podocyte identity in prkcι/ζ
deﬁcient embryos, we surveyed the expression of wt1a and several
other podocyte markers in prkcι/ζ morphants between 36 and
72 hpf of development (Fig. 7B, C, Fig. S8). Wild-type controls and
prkcι/ζ morphants had podocytes that expressed wt1a, wt1b,
nephrin, podocin and podxl (Fig. 7B, C, Fig. S8). As noted previously,
aberrant podocyte migration was detected in the prkcι/ζ knockdowns
Fig. 6. Renal clearance and PCT endocytosis are abrogated in prkcι/ζ deﬁcient embryos. Embryos were injected with 40-kDa dextran–FITC at 48 hpf, and imaged at 72, 84, and
96 hpf. Control wild-type embryos displayed renal clearance by diminution of the net ﬂuorescent signal intensity over time, as well as dextran–FITC internalization
throughout the PCT (white arrows) during its progressive morphogenesis. Double prkcι/ζ morphants displayed severe ﬂuid accumulation, notably pericardial edema that
remained strongly positive for the dextran–FITC conjugate label, and the PCT was not labeled by dextran endocytosis (left panels, lateral views; right panels, dorsal views,
with exception of bottom right which shows a lateral/dorsal angled view).
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Fig. 7. prkcι/ζ knockdown disrupts glomerular development and causes ectopic renal progenitor transcription factor expression. WISH was used to detect gene expression
(purple) in wild-types (left column) and prkcι/ζ morphants (right column). (A,B) Left panels, lateral views; right panels, dorsal views; all embryos are shown with anterior to
the left. (A) pax2a was restricted to the neck segment in wild-types, but showed ectopic podocyte and tubular expression (black arrowheads) in prkcι/ζ morphants at 36 and
72 hpf. (B) wt1a transcripts marked wild-type podocyte cells, but in prkcι/ζ morphants wt1a transcripts were also found in tubular cells (black arrowheads) and surrounding
mesoderm cells. (C) wt1b and podxl were ectopically expressed in in prkcι/ζ morphants, though podxl showed ectopic expression beginning at 48 hpf and wt1b showed
ectopic transcripts beginning at 72 hpf. Diffuse ectopic transcript expression (arrows) and ectopic tubule expression (black arrowheads) (dorsal views, anterior to the left).
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that had the severe morphological phenotype (Fig. 7B, C, Fig. S8).
Surprisingly, prkcι/ζ morphants expressed wt1a in ectopic locations
within the nephron tubule, with 90% displaying ectopicwt1a in the
tubule by 72 hpf (Fig. 7B, Fig. S6). In contrast, wild-types never
displayed ectopic pronephros wt1a expression (Fig. 7B, Fig. S6), and
neither did single prkc knockdowns (Fig. 3C). prkcι/ζ morphants had
diffuse ectopic wt1a expression in the vicinity of the podocyte
populace, possibly suggestive of ectopic expression in the surround-
ing mesoderm (Fig. 7B). Compared to wild-type controls, prkcι/ζ
morphants showed elevated wt1b transcripts at 72 hpf, with 29%
(pr0.05) of knockdown embryos showing high ectopic expression
(Fig. 7C, data not shown). Further, prkcι/ζ morphants showed ectopic
expression of podxl beginning at 48 hpf, with 480% affected by
72 hpf (Fig. 7C, Fig. S6). In contrast, podocin and nephrin did not show
ectopic expression at these stages (Fig. S8). Overall, these results were
unexpected, as similar ectopic transcription factor patterns within
the tubule have not been previously described in other kidney
mutants (Gerlach and Wingert, 2013). In sum, the discovery that
prkcι/ζ loss of function is associated with subsequent ectopic mis-
expression of pax2a, wt1a, wt1b, and podxl in the pronephros
suggests that prkcι/ζ may have roles in the maintenance of epithelial
identity in the nephron tubule.
Ectopic expression of renal transcription factors and podocyte genes is
not a generalized effect from the loss of ﬂuid ﬂow, but can be partly
induced by knockdown of the mpp5a polarity gene
In evaluating the hypothesis that the prkcι/ζ genes may be
speciﬁcally required to maintain tubule epithelium identity, we
wondered if the ectopic pronephros expression phenotypes in
prkcι/ζ morphants were related to the absence of ﬂuid ﬂow. To
assess whether disruptions in ﬂow within the nephron could
result in ectopic pronephros gene expression, we performed
knockdown of the intraﬂagellar transport factor ift88 (Table S1),
which is required for ﬂuid propulsion within the tubule (Vasilyev
et al., 2009). Wild-type embryos were injected with a morpholino
to knockdown ift88 or prkcι/ζ and analyzed at 72 hpf by WISH
alongside wild-type controls (Fig. 8, Figs. S6 and S9). Wild-type
controls showed restricted podocyte expression of wt1a and podxl,
exclusive of the tubule marker cdh17, and pax2a expression in the
neck (Fig. 8A, Figs. S6 and S9). In contrast, prkcι/ζ morphants
showed high levels of ectopic wt1a, pax2a, podxl, in the prone-
phros, and wt1a transcripts co-localized with cdh17 transcripts in
tubule cells (Fig. 8B, Figs. S6 and S9). ift88 morphants showed
normal podocyte expression of wt1a, pax2a, and podxl, and none of
these transcripts were detected in ectopic locations (Fig. 8C, Fig.
S6). To further conﬁrm this, double WISH was performed on ift88
morphants, and wt1a transcripts were indeed exclusive to podo-
cytes and restricted from the cdh17-expressing tubule domain (Fig.
S9). This indicates that the reduction/elimination of ﬂow within
the tubule alone does not generally lead to ectopic pronephros
gene expression.
To address speciﬁcally how cardiac failure might impact the
state of tubular cells in the pronephros, we performed knockdown
of tnnt2a (Table S1) to arrest the embryonic heartbeat (Vasilyev
et al., 2009). tnnt2a morphants were ﬁxed at 72 hpf and gene
expression assessed via WISH (Fig. 8D, Figs. S6 and S9). As with
ift88 morphants, tnnt2a knockdown was associated with normal
podocyte expression, and not associated with ectopic expression
of wt1a, pax2a or podxl transcripts (Fig. 8D, Fig. S6). Further, in
double WISH analysis, tnnt2a morphants showed mutually exclu-
sive domains of wt1a and cdh17 in the podocytes and tubule,
respectively (Fig. S9). These results indicate that embryonic heart-
beat arrest, and subsequent circulatory failure, does not generally
lead to ectopic pronephros gene expression.
Next, we assessed whether double knockdown of ift88 and
tnnt2a would recapitulate the ectopic pronephros gene expression
phenotype observed in prkcι/ζ morphants. The combined knock-
down of ift88 and tnnt2a was not associated with ectopic tubule
transcripts of wt1, pax2a or podxl, though ift88/tnnt2a morphants
had proximal dilations of the pronephros (Fig. 8E, Fig. S6). Taken
together, these data show that ectopic pronephros expression of
factors such as wt1a and podxl is not a general consequence of
ﬂuid ﬂow into or within the pronephros tubule, and suggest that
the polarity genes prkcι/ζ serve a function in the maintenance of
renal epithelial identity in addition to their role in polarity
establishment during tubulogenesis.
Given these ﬁndings, we postulated whether disruptions in
the expression of other genes that modulate epithelial polarity,
like mpp5a, would also lead to ectopic pronephros expression.
To investigate this idea, we performed knockdown of mpp5a
(Table S1) and assessed gene expression by WISH in the embryos
at 72 hpf (Fig. 8F, Figs. S6 and S10). Unlike prkcι/ζ knockdown,
where the vast majority of morphants displayed high levels of
ectopic wt1a transcripts in the pronephros,mpp5a knockdownwas
associated with normal wt1a, pax2a, and podxl expression in most
embryos (Fig. 8F, Fig. S6). A small fraction of mpp5a morphant
embryos displayed low, diffuse levels of ectopic wt1a, pax2a, and
podxl expression in the embryonic trunk where the pronephros
is located (Fig. 8F, Fig. S6). Of these, only the elevated pax2a
expression was signiﬁcant (po0.05) based on a pair-wise Students
t-test (Fig. S6). In double WISH analysis, mpp5a morphants with
ectopic wt1a showed partial overlap with cdh17, indicating that
some ectopic expression was located in the pronephros (Fig. S10).
Further studies would be needed to determine whether mpp5a
morphants are delayed in renal tubule development and/or have
other tubule alterations, such as polarity or MET defects. In sum,
these ﬁndings suggest that mpp5a may have independent or
partially redundant functions with prkcι/ζ in the maintenance of
pronephros tubule epithelial identity, though this mild phenotype
may indicate that mpp5a has a minor role in comparison to the
prkcι/ζ genes.
Knockdown of pax2a, but not wt1a, is sufﬁcient to rescue ectopic
misexpression of renal transcription factors and podocyte-speciﬁc
genes in the pronephros tubule of prkcι/ζ morphants
Since changes in the transcription factors pax2a and wt1a were
among the ﬁrst discernible evidence of ectopic pronephros tubule
gene expression in prkcι/ζ morphants, and both the pax2a and
wt1a are required to regulate renal genes in various contexts
(Dressler, 2006; Gerlach and Wingert, 2013), we hypothesized that
the alteration of these factors may be the initiating event(s) that
trigger ectopic expression in prkcι/ζ knockdowns. Therefore, we
tested whether concomitant knockdown of pax2a or wt1a in prkcι/
ζ morphants would rescue ectopic misexpression within the
pronephros tubules.
First, we explored whether wt1a expression in prkcι/ζ mor-
phants was the cause of ectopic misexpression within the prone-
phros (Table S1, Fig. S11). During normal zebraﬁsh development,
expression of wt1a precedes that of wt1b and podxl in the
podocyte lineage (O'Brien et al., 2011; data not shown). Prior
studies that examined wt1a loss of function have not shown that
wt1a knockdown is associated with ectopic pronephros gene
expression suggestive of altered tubule identities (Hsu et al.,
2003; Perner et al., 2007; O'Brien et al., 2011). Rather, MO knock-
down of wt1a leads to reduced podocyte formation, which is
associated with a partial reduction in the expression of numerous
podocyte-speciﬁc genes, including wt1b, and biochemical assays
demonstrated that Wt1a forms a dynamic multi-factor transcrip-
tional complex that regulates podocyte gene expression (O'Brien
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et al., 2011). With this information in mind, it is conceivable that
ectopic wt1a expression in the tubule epithelium of prkcι/ζ
morphants may be one component responsible for inducing
ectopic wt1b and podxl in those cells. Therefore, we examined
the outcome of prkcι/ζ knockdown compared to the combined
knockdown of wt1a and prkcι/ζ in wild-type embryos (Fig. S11).
Knockdown of wt1a along with prkcι/ζ was still associated with
variable ectopic tubule misexpression of wt1b, podxl and pax2a
transcripts in the majority of embryos (Fig. S11; data not shown).
Based on these results, we concluded that a reduction of wt1a
expression in double prkcι/ζ morphants is not sufﬁcient to rescue
epithelial identity in the pronephric tubule. Of further note, in
triple wt1a/prkcι/ζ morphants, the podocyte expression domain of
podxl was abrogated in 65% (69/106) of embryos (Fig. S11). This
incidentally reveals that wt1a is required for podxl expression in
podocytes, which is consistent with the ﬁndings wt1a is essential
for transcription of podocyte genes (O'Brien et al., 2011). Overall,
these data show that changes in wt1a expression alone do not
explain the misexpression of wt1b, pax2a or podxl during prkcι/ζ
loss of function, but do not eliminate the possibility that Wt1a may
participate, such as through cooperative interactions with other
transcription factors.
Next, we examined the outcome of pax2a knockdown alone,
prkcι/ζ knockdown alone and combined knockdown of pax2a and
prkcι/ζ in wild-type embryos (Fig. 9, Figs. S6, S12–S14). Previous
gain of function studies have shown that overexpression of pax2a
is sufﬁcient to induce ectopic pronephric tissues that express the
renal marker cdh17 (Bedell et al., 2012). Analysis of the no isthmus
(noi) mutants, which have a defect in the pax2a gene, has shown
that the absence of pax2a leads to an expansion of wt1a expression
Fig. 8. Ectopic expression of podocyte genes and early developmental transcription factors in the pronephros is not a general consequence of embryonic defects in ﬂuid ﬂow.
WISH was used to assess gene expression using antisense riboprobes to detect wt1a, pax2a, or podxl (purple) in (A) wild-types, (B) prkcι/ζ morphants, (C) ift88morphants, (D)
tnnt2a morphants, (E) double ift88/tnnt2a morphants, and (F) mpp5a morphants. (A–E) Knockdown of prkcι/ζ was the only circumstance that led to high levels of ectopic
expression of podocyte genes in the pronephros tubule. (F) (Top row) Most mpp5a morphants displayed no ectopic pronephros expression, but (bottom row) a subset
(o10%) displayed low levels of ectopic wt1a, pax2a, or podxl in the tubule and also diffuse ectopic expression.
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that is restricted to the neck region (Majumdar et al., 2000). pax2a
MO knockdown in wild-type embryos recapitulated this loss of
function phenotype, with expansion of the wt1a and wt1b expres-
sion domain to the neck region (Fig. S12). Combined knockdown of
pax2a and prkcι/ζ in wild-type embryos similarly caused a
short expression domain of wt1a, wt1b, and podxl expression in
the neck region, where low levels of cdh17 transcripts were
expressed (Fig. 9C, Fig. S6). However, high ectopic misexpression
of these transcripts in the remainder of the pronephros tubule
was eliminated in triple pax2a/prkcι/ζ morphant embryos
(Fig. 9C, Fig. S6). To conﬁrm these ﬁndings, two additional pax2a
morpholinos (previously published, Bricaud and Collazo, 2006;
McCarroll et al., 2012) were tested to examine if they similarly
rescued prkcι/ζ morphant embryos (Table S1, Figs. S13 and S14).
Both of these other morpholinos rescued ectopic wt1a and
podxl in prkcι/ζ morphant embryos, though pax2a MO4 was
quantiﬁed as more statistically signiﬁcant (Figs. S13 and S14).
These results indicate that knockdown of pax2a was sufﬁcient to
rescue ectopic misexpression in prkcι/ζ morphants. Taken
together, these data support the conclusion that prkcι/ζ loss of
function leads to ectopic pax2a misexpression in the pronephros,
which is sufﬁcient to induce the ectopic misexpression of multiple
genes throughout the tubule and thus alters their epithelial cell
identity—a condition that can be ameliorated by knockdown of
pax2a (Fig. 10).
Fig. 9. Ectopic expression of early developmental transcription factors in prkc ι/ζ morphants is abrogated by concomitant knockdown of pax2a. WISH was used to assess gene
expression using antisense riboprobes to detect wt1a, wt1b, podxl, pax2a or cdh17 (purple), in (A) wild-types, (B) prkcι/ζ morphants, or (C) prkcι/ζ morphants with combined
pax2a knockdown. Wild-types showed restricted podocyte expression of wt1a, wt1b, and podxl, while pax2a was localized to the neck and intermittent pronephros tubule
cells. prkcι/ζ morphants had high ectopic expression of each gene in the pronephros tubule. Knockdown of pax2a in prkcι/ζ morphants was associated with a short proximal
pronephros domain of ectopic wt1a, wt1b, and podxl expression and low cdh17 transcript levels, while the tubule segment past this short ectopic segment domain was
present and marked by a robust level of cdh17 transcripts. (D) Summary of ectopic misexpression during prkcι/ζ loss of function: wild-type embryos have mutually exclusive
domains of podocyte versus tubule gene expression, prkcι/ζ morphants have ectopic misexpression of transcription factors throughout the pronephros, and pax2a knockdown
represses this ectopic tubule misexpression in prkcι/ζ morphants, except for the neck region of the pronephros.
Fig. 10. prkcι/ζ are required for the establishment and maintenance of epithelial
identity during nephron tubulogenesis in the zebraﬁsh pronephros. (A) During
normal development, prkcι/ζ play an essential function in polarity establishment
when mesenchymal renal progenitors undergo a MET and concerted tubulogenesis
to become epithelial cells and form the pronephros. When pronephros tubule
epithelial identity is established, the activity of prkcι/ζ represses pax2a expression
(either directly or indirectly) to maintain normal gene expression. (B) In the absence
of prkcι/ζ, polarity is not properly established during MET. Further, pronephros cells
in prkcι/ζ deﬁcient embryos ectopically express pax2a, which leads (directly or
indirectly) to misexpression of genes that include wt1a, wt1b, and podxl.
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Discussion
Tubulogenesis is a fundamental process in development.
Despite the great abundance of research on tubulogenesis, very
little is known about how this process is regulated while nephron
formation occurs during vertebrate kidney ontogeny in different
species. The zebraﬁsh has emerged as a valuable model for
ongoing basic and translational kidney research based on the
conservation of nephrons composition between zebraﬁsh and
mammalian nephrons (Poureetezadi and Wingert, 2013; Marra
and Wingert, 2014). The attributes of the zebraﬁsh embryo
pronephros, in particular, have provided a novel opportunity for
in vivo analysis of tubulogenesis processes (Mitra et al., 2012; Jung
et al., 2013) and investigation of the mechanisms involved in the
morphogenesis of tubular epithelial cells, such as collective cell
migration (Vasilyev et al., 2009). Our study adds to this work by
providing the ﬁrst spatiotemporal characterization of tubulogen-
esis in the zebraﬁsh pronephros. We have documented the precise
timing of lumen formation at the 20–22 ss, and the prior emergence
of apical-basal protein segregation in the tubular epithelium pre-
cursors. Knowledge about the developmental time when renal
progenitors acquire polarity and undergo MET provides an impor-
tant foundation for future studies.
Roles of prkcι/ζ in zebraﬁsh pronephros polarity establishment and
epithelial identity maintenance
Through gene knockdown experiments we have identiﬁed
overlapping roles for prkcι and prkcζ during polarity establishment
in renal progenitors. Our ﬁndings are consistent with a model in
which the establishment of tubule epithelial cell polarity is reliant
on the partially redundant activities of prkcι/ζ (Fig. 10A). In the
absence of prkcι/ζ, the tubular epithelium does not establish
proper apical-basal protein localization, and undergoes delayed
lumen formation (Fig. 4D). As the ternary polarity complex is
broadly appreciated to play roles in the proper segregation of
proteins into distinct membrane domains in epithelial cells (Chen
and Zhang, 2013), our data show that this role is conserved during
zebraﬁsh pronephros tubulogenesis. Interestingly, prkcι/ζ loss of
function was not disruptive to nephron segment patterning, and
both proximal and distal segment domains were speciﬁed in
morphants. This parallels a recent ﬁnding in nephrogenesis during
mouse metanephros development, where disruption of cell adhe-
sion and polarity due to loss of the Afadin adapter protein did not
abrogate proximo-distal nephron pattern in the elongating
nephron (Yang et al., 2013).
The surprising ﬁnding that prkcι/ζ morphant nephrons misex-
press several transcription factors and genes associated with the
podocyte lineage suggests that prkcι/ζ are required to maintain
aspects of the differentiated character of the tubular epithelium
(Fig. 10B). Both wt1a and pax2a are expressed by early mesench-
ymal renal progenitors in the zebraﬁsh embryo (Wingert et al.,
2007). Thus, the ectopic expression of these genes in prkcι/ζ
deﬁcient tubules might reﬂect the absence of a stable epithelial
identity, such that the cells retain features of a mesenchymal cell
state or perhaps are triggered to re-express pax2a and wt1a in a
reversion to mesenchymal state in the absence of proper polarity.
Previous research has demonstrated that a transcriptional network
that includes wt1a mediates podocyte development in the zebra-
ﬁsh pronephros (O'Brien et al., 2011; Miceli et al., 2014). However,
based on our wt1a knockdown analysis here, the misexpression
of wt1a alone does not appear to explain the appearance of wt1b
and podxl transcripts in the context of prkcι/ζ loss of function.
Interestingly, pax2a knockdown alone was sufﬁcient to abrogate
ectopic expression of wt1a, wt1b, and podxl in the tubule of prkcι/ζ
morphants. This reveals that ectopic pax2a activity is sufﬁcient to
induce the transcription of these genes, either directly or indir-
ectly, in the context of prkcι/ζ loss of function. The Pax2/8
transcription factors are known to mediate cell fate in renal cells
and other tissues (McCarroll et al., 2012; Boualia et al., 2013), and
our ﬁndings suggest that identifying the roles of pax2a in gene
regulatory networks in renal tissues will be important to under-
stand how nephron epithelial identity is maintained. Taken
together, this study has established that prkcι/ζ are requisite for
normal development of polarity in the pronephros epithelium, and
revealed a novel genetic pathway that acts to maintain nephron
tubule epithelial identity through which prkcι/ζ function acts,
again either directly or indirectly, to repress pax2a expression
(Fig. 10).
Roles of prkcι/ζ in renal lineage differentiation—the case of podocytes
Here, we observed that knockdown of prkcι alone was sufﬁcient
to disrupt podocyte migration in zebraﬁsh and that prkcι/ζ
deﬁciency in zebraﬁsh caused a greater incidence of podocyte
migration defects. The pronephros morphogenesis phenotypes in
prkcι deﬁciency correlate with the elimination of vascular ﬂow due
to cardiac development abnormalities. Previous studies have
demonstrated that the absence of normal vascular ﬂow disrupts
podocyte midline migration (Serluca et al., 2002) and PCT mor-
phogenesis (Vasilyev et al., 2009). Both prkcι and prkcι/ζ mor-
phants showed expression of podocyte genes, suggesting this
lineage was speciﬁed correctly.
In the mouse, recent studies have documented crucial roles for
Prkcι/ζ during podocyte maturation in the mammalian kidney
(Huber et al., 2009; Hirose et al., 2009; Hartelben et al., 2013).
Selective depletion of Prkcι in mouse podocytes disrupted their
polarity and led to the disassembly of slit diaphragms (Hirose et
al., 2009). Dual Prkcι/ζ knockdown in mouse podocytes disrupts
foot processes and arrests glomerular formation (Hartelben et al.,
2013). It remains unclear from our present study whether prkcι/ζ
have direct roles in podocyte maturation, i.e. terminal differentia-
tion, in the zebraﬁsh pronephros. While it is tempting to speculate
that prkcι/ζ have conserved roles in podocyte differentiation/
maturation across vertebrates, especially in light of the similar
gene expression proﬁles of podocytes between zebraﬁsh and
mammals, electron microscopy would be necessary to visualize
foot process formation and podocyte maturation in prkcι/ζ deﬁ-
cient embryos.
Prkc complexes and identiﬁcation of their kinase targets in speciﬁc
tissues
The established functions of Prkc proteins are diverse and can be
attributed in part to spatial and temporal differences between
interacting protein partners (Pieczynski and Margolis, 2011; Chen
and Zhang, 2013). The ternary polarity complex is a crux for protein
interactions that moderate cellular signaling. This is achieved
through various protein domains that are quintessential for estab-
lishing a nexus between the ECM, cell membrane, cell cortex, and
the cytoplasm. Understanding the roles of Prkc will entail knowing
the targets of Prkc kinase activity. To date, investigations into the
ternary polarity complex binding partners and Prkc substrates have
for the most part been worked out in vitro. An assessment of these
interactions within an in vivo context has not been established,
especially in regards to renal development.
To further understand the activities of Prkcι/ζ, it will be
essential to identify kinase targets in a cellular context, which
can be performed using new in vivo analog-sensitive kinase assays
(Uhalte et al., 2012). Other insights into the mechanisms of
polarity loss in Prkcι/ζ morphants could emerge from further
analysis as to how reductions or abrogation of p-ERM, Naþ/Kþ
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ATPase activity and actin localization affect nephron progenitors.
The disruption of Naþ/Kþ ATPase has been ascribed to different
renal disease states (Hsu et al., 2010; Wilson, 2011). For example,
aberrant Naþ/Kþ ATPase localization occurs in polycystic kidney
disease (Hsu et al., 2010; Wilson, 2011). As changes in epithelial
integrity occur in these and other renal disease states, there is
signiﬁcant clinical value to understanding the pathways that affect
epithelial polarity in the kidney.
Mesenchymal and epithelial transitions in development and
regeneration
Epithelial integrity is essential for normal development of
nephrons, and understanding how a tubule maintains cell identity,
and how the cells might sense damage and respond to injury, are
relevant to understanding clinical conditions like acute kidney
injury (AKI). One proposed mechanism of nephron epithelial
regeneration after AKI is that tubule damage triggers surviving
epithelia to change their molecular repertoire and undergo an
epithelial to mesenchymal transition (EMT) (McCampbell and
Wingert, 2012; Li and Wingert, 2013). This mesenchymal populace
proliferates and migrates to occupy the denuded basement mem-
brane where damage has occurred. Interestingly, in both mammals
and zebraﬁsh, the mesenchymal populace that regenerates nephrons
after AKI expresses Pax2 (Imgrund et al., 1999; Cosentino et al., 2013).
Thus, it is intriguing to speculate whether the absence of polarity in
the pronephros of prkcι/ζ morphants, and the consequent expression
of developmental factors, capitulates aspects of tubular injury. Never-
theless, as both the zebraﬁsh embryo and adult provide conserved
models to study nephron epithelial regeneration (Johnson et al., 2011;
McCampbell and Wingert, 2014), further analysis of prkcι/ζ deﬁciency
in these settings, or knockdown of other polarity regulators, may
provide relevant insights into how tubule epithelial cells respond to
damage.
In summary, this study has demonstrated that prkcι/ζ are
crucial components of the molecular machinery of nephron
tubulogenesis and tubule maintenance in the zebraﬁsh embryo
kidney. These studies further establish the zebraﬁsh pronephros as
a relevant model that can bridge the gap between cell culture and
mammalian rodent models of nephrogenesis research, and may
potentially provide insights into the renal pathophysiology asso-
ciated with various disease states.
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